We have developed a multifocus confocal Raman microspectroscopic system for the fast multimode vibrational imaging of living cells. It consists of an inverted microscope equipped with a microlens array, a pinhole array, a fiber bundle, and a multichannel Raman spectrometer. Forty-eight Raman spectra from 48 foci under the microscope are simultaneously obtained by using multifocus excitation and image-compression techniques. The multifocus confocal configuration suppresses the background generated from the cover glass and the cell culturing medium so that high-contrast images are obtainable with a short accumulation time. The system enables us to obtain multimode (10 different vibrational modes) vibrational images of living cells in tens of seconds with only 1 mW laser power at one focal point. This image acquisition time is more than 10 times faster than that in conventional singlefocus Raman microspectroscopy.
Raman microspectroscopy is now well established as a unique and powerful method for investigating living cells in vivo [1] . The only drawback of this method is its slow speed owing to low cross sections of Raman scattering. It often takes a few to tens of minutes to obtain a Raman image of a living cell. If we want to increase the speed, we need to increase the excitation laser power. However, higher laser power causes photo and/or thermal damage of the cell. Empirically, laser power higher than several milliwatts causes obvious cell damage. This constraint can be circumvented by exciting the sample with multiple laser foci, whose intensities are below the damage threshold. In this Letter, we report the development of a multifocus confocal Raman microspectroscopic system that achieves fast vibrational imaging of living cells in tens of seconds. The multifocus excitation technique has already been used in other microscopies: single [2] /two-photon [3] fluorescence microscopy, coherent anti-Stokes Raman scattering (CARS) microscopy [4] , and second-harmonic generation microscopy [5] . By combining multifocus excitation and the image compression technique [6, 7] , we have realized multifocus confocal Raman microspectroscopy, which simultaneously provides the spatial and spectral information on different chemical compounds in a living cell. Raman spectral information enables us to make multimode vibrational images due to different Raman bands as well as to discriminate Raman signals from the background arising from the cover glass and the cell culturing medium. Figure 1 shows the diagram of our multifocus confocal Raman microspectroscopic system. The expanded beam of an Nd:YVO 4 laser (Coherent, Verdi; 532 nm) illuminates a microlens array (MLA) of 147 μm diameter and 4:9 mm focal length on a fused-silica disk. The beamlets are collimated by lenses and are reflected by an edge filter that reflects the 532 nm excitation light but transmits Raman scattered light with longer wavelengths. The beamlets then pass a pinhole array (Ø 100 μm, 200 μm pitch, 8 × 8 rectangular pattern) and intermediate optics and are introduced into an inverted microscope (Nikon, modified ECLIPSE Ti-U). The role of the intermediate optics is to ensure that the array of foci is imaged onto the focal plane of the lens and that each beamlet is parallel at the objective entrance pupil. The objective lens (Nikon ×100 NA 1.3 oil immersion) produces a pattern of 8 × 8 independent foci at the sample. Raman signals from the foci at the sample are collimated by the same objective lens. The Raman signals go back and pass through the pinhole array. The role of the pinhole array is to improve the axial resolution and to enhance the ratio between the Raman signal and background by the confocal effect [8] . This multiconfocal configuration is indispensable for obtaining high-contrast images of living cells in which weak Raman signals are easily overwhelmed by the background arising from the cover glass and cell culturing medium. The other important role of the pinhole array is to eliminate the unwanted laser light that goes through the MLA without being collimated. The Raman signals pass through filters to eliminate Rayleigh scattering and are collimated into the one end of a fiber bundle, which guides the signals into a spectrograph. The fiber bundle consists of 64 fibers, whose core, clad, and jacket are Ø 100 μm, Ø 120 μm, and Ø 140 μm, respectively. The 64 fiber bundle is arranged in a 8 × 8 rectangular pattern at the collection end and a 1 × 64 linear stack at the detection end, which is connected to the entrance slit of the spectrograph directly. Using this fiber bundle, a three-dimensional [two-dimensional (2-D) spatial and spectral] data cube is converted into a 2-D data array, which can be detected by a 2-D CCD camera. Finally, the Raman signals are dispersed in the spectrograph (HORIBA Jobin Yvon, iHR320) and detected by a CCD camera (Princeton Instruments, ProEM512). In the present setup, 48 spectra from 48 points (X: eight points Y : six points) are detectable with one CCD exposure.
At the sample position, two adjacent foci are 2:0 μm apart in the lateral direction with a ×100 objective. We fill this gap of 2:0 μm by 4 × 4 point-by-point sample scanning by a piezo stage (Mad City Labs, Nano-LPQ). The resultant Raman image consists of 32 × 24 points covering the 16 μm × 12 μm area. The spectral resolution, ∼10 cm −1 in the fingerprint region, is determined by the dispersion of the spectrograph and the core size of the fiber bundle. The spectral coverage in one exposure is ∼600 cm −1 .
We measured a single 356 AE 20 nm Ø polystyrene bead on a glass-bottom dish in order to evaluate the spatial resolution of the system. The intensity profiles of the Raman band at 1603 cm −1 (C═C stretch) are shown in Figs. 2(a) (lateral) and 2(b) (axial). The FWHMs are 340 nm and 1:2 μm, respectively. These values are very similar to those obtained in conventional single-focus confocal Raman microspectroscopy. This fact indicates that each focus is collimated by the objective lens close to the diffraction limit and that the pinhole array acts as a spatial filter eliminating the out-of-focus signal by the confocal effect.
Next, budding yeast cells (a zygote of Saccharomyces cerevisiae and Saccharomyces bayanus) were measured. Figure 3 shows a CCD image with 10 s exposure time. The image consists of the 48 Raman spectra from the 48 foci at the sample. The correspondence between the spectrum number on the CCD image and the sample position under the microscope is shown in Fig. 3(b) . To compensate the variation of the laser intensity and the signal collection efficiency among the 48 foci, the image is corrected by the fluorescence of a Rhodamine 6G ethanol solution. Figures 3(b) and 3(c) compare the Raman spectra extracted from two different horizontal bands in Fig. 3(a) . These two spectral profiles are totally different from each other. It is confirmed that Raman signals from two different points of the sample are separately detected simultaneously by the CCD camera.
The Raman images of budding yeast cells are shown in Fig. 4 . In this experiment, budding yeast cells were immobilized on a concanavalin-A-coated glass-bottom dish.
The total laser power at the sample is ∼70 mW, so the laser power at each focus is approximately 1 mW. It is obvious that a ∼70 mW single focus totally destructs living cells. The distribution of the total laser power into multiple foci significantly reduces the photodamage. The exposure time for one series of 48 spectra is 1 s and overall measurement time is 20 s. 1 s exposure time for 48 spectra is equivalent to less than 25 ms for one spectrum. It is not possible to obtain a high signal-to-noise-ratio Raman spectrum in such a short exposure time by conventional Raman microspectroscopy. Ten multimode Raman images due to 10 different Raman bands are simultaneously obtained, including those at 1446 [ Fig. 4(a)], 1583 [Fig. 4(b)], 1602 [Fig. 4(c)] , and 1655 cm −1 [ Fig. 4(d) ]. The Raman bands at 1446, 1583, and 1655 cm −1 are assigned to the CH bend, the porphyrin in-plane C═C stretch mode of the porphyrin skeleton of cytochrome c [9] , and the superposition of the cis-C═C stretch of unsaturated lipid chains and the amide I mode of proteins, respectively. The 1602 cm −1 Raman band, called the "Raman spectroscopic signature of life" by us, sharply reflects the metabolic activity of a living cell [10, 11] . simultaneously Raman imaged. It takes several tens of minutes to make a Raman image of such a wide area (16 μm × 12 μm) by conventional confocal Raman microspectroscopy.
It is interesting to compare multifocus confocal Raman microspectroscopy with multiplex CARS microspectroscopy. The previous multiplex CARS studies show that a multiplex CARS spectrum of polymer sample is obtained within 340 μs to 100 ms [12] [13] [14] . A spontaneous Raman spectrum of polystyrene can be obtained in several to 10 ms, including the CCD readout time in the present system. These results suggest that the Raman imaging speed of our system is comparable to that of multiplex CARS microspectroscopy [15] .
In conclusion, we have constructed a multifocus confocal Raman microspectroscopic system. Multimode Raman images originating from different vibrational modes of different chemical compounds can be obtained with a high efficiency owing to the simultaneous acquisition capability of both the spectral and spatial information. It is more than 10 times faster than the conventional confocal Raman microspectroscopy. Multifocus confocal Raman microspectroscopy is a promising tool for studying living cells in vivo and in real time.
